The selection of an appropriate global gravity field model and refinement method can effectively improve the accuracy of the refined regional geoid model in a certain research area. We analyzed the accuracy of Experimental Geopotential Model (XGM2016) based on the GPS-leveling data and the modification parameters of the global mean square errors in the KTH geoid refinement in Jilin Province, China. The regional geoid was refined based on Earth Gravitational Model (EGM2008) and XGM2016 using both the Helmert condensation method with an RCR procedure and the KTH method. A comparison of the original two gravity field models to the GPS-leveling benchmarks showed that the accuracies of XGM2016 and EGM2008 in the plain area of Jilin Province are similar with a standard deviation (STD) of 5.8 cm, whereas the accuracy of EGM2008 in the high mountainous area is 1.4 cm better than that of XGM2016, which may be attributed to its low resolution. The modification parameters between the two gravity field models showed that the coefficient error of XGM2016 model was lower than that of EGM2008 for the same degree of expansion. The different modification limits and integral radii may produce a centimeter level difference in global mean square error, while the influence of the truncation error caused by the integral was at the millimeter level. The terrestrial gravity data error accounted for the majority of the global mean square error. The optimal least squares modification obtained the minimum global mean square error, and the global mean square error calculated based on XGM2016 model was reduced by about 1~3 cm compared with EGM2008. The refined geoid based on the two gravity field models indicated that both KTH and RCR method can effectively improve the STD of the geoid model from about six to three centimeters. The refined accuracy of EGM2008 model using RCR and KTH methods is slightly better than that of XGM2016 model in the plain and high mountain areas after seven-parameter fitting. EGM2008 based on the KTH method was the most precise at ± 2.0 cm in the plain area and ± 2.4 cm in the mountainous area. Generally, for the refined geoid based on the two Earth gravity models, KTH produced results similar to RCR in the plain area, and had relatively better performance for the mountainous area where terrestrial gravity data is sparse and unevenly distributed. mean square error;
Introduction
A geoid is a gravity equipotential surface model that aligns with mean sea level and extends through the continents; it is used as a reference for heights in vertical datums [1] . The factors affecting geoid refinement are terrestrial gravity data, refinement methods, and gravity field models. The acquisition of terrestrial gravity data is considerably affected by the terrain, and the resolution
Data and Methods

Study Area and Data
Jilin Province is located in the Songhua and Liao river basins in Northeastern China, with a total area of about 187,400 km 2 . The topography of Jilin Province is relatively complex and the height difference between the east and the west is more than 2400 m. This paper chose the western plain (Area A) and the eastern mountainous region (Area B) as experimental areas (Figure 1) . Area A has a flat terrain with an average elevation of about 190 m and a height difference of about 100 m. Area B has a more complex topography, with an average elevation of about 700 m and a height difference of about 1300 m.
EGM2008 and XGM2016 were both tested in agreement with GPS-leveling data in the study area. EGM2008 was developed and released by the National Geospatial-Intelligence Agency (NGA), combining Gravity Recovery and Climate Experiment (GRACE) satellite gravity data and terrestrial gravity data with a model resolution of 5' x 5' As an experimental model of EGM2020, the XGM2016 model uses for the long wavelength part the complete GOCE and nearly complete GRACE mission datasets combined with the global 15' x 15' grid gravity anomaly, including satellite altimetry data, terrestrial gravity data, airborne gravity and shipborne gravity data.
A total of about 9000 terrestrial gravity point values in the China Geodetic Coordinate System 2000 (CGCS2000) datum were used in geoid refinement of Areas A and B. The resolution of gravity data in Area A and its surrounding integral regions was about 2', while the resolution was only 6' for Area B. The free-air gravity anomaly of the discrete gravity point cannot be directly interpolated due to lack of sufficient smoothness, and the anomaly needs to be corrected using the Bouguer plate, and topographic and isostatic corrections. A gridding process was performed to obtain the isostatic gravity anomaly grid. The resolution of the corrected grid free-air gravity anomaly was 2.5' x 2.5'. A Digital Elevation Model (DEM) is necessary for the reduction of the gravity data as well as for geoid computation; therefore, the Shuttle Radar Topography Mission (SRTM) with a resolution of 3" x 3" [32] was used in this study. The blank area of SRTM data on the ocean was filled by SRTM30_PLUS v8 data developed by the Scripps Institute of Oceanography, University of California San Diego (UCSD), which was released as a global DEM grid with resolution of 30" x 30" [33] .
To compare and verify the accuracy of the RCR and KTH methods in the refinement of the geoid model in the study area, 81 high-precision GPS-leveling points distributed throughout the whole of Jilin Province were introduced, of which 15 each were evenly distributed in Areas A and B. The GPSleveling points' horizontal and vertical datum was the CGCS2000 national geodetic coordinate system and 1985 national elevation reference, respectively, with a horizontal accuracy of approximately ±1.0 cm and an elevation accuracy of approximately ± 1.0 cm. 
KTH Method
Modification of Stokes' Formula
The Stokes formula uses gravity anomalies to determine the geoid [34] :
is the mean Earth radius, is the geocentric angle, ∆ is gravity anomaly, is an infinitesimal surface element of unit sphere and ( ) is the Stokes function, which can be calculated by [35] :
The integral area is usually limited to the cap with the geocentric angle centered on the calculation point. The approximate geoid undulation ̃ of the KTH method is [15] :
where ∆̂ is the terrestrial gravity anomalies, ∆̂ is the gravity anomaly degree variance estimate, is the parameter of the geopotential model gravity anomaly, is the upper limit of the truncation degree of the gravity field model, and ( ) is the modified Stokes function: (4) where the first term is the original Stokes kernel function with harmonic function expression, the second term is the harmonic function modification term, (cos ) is the Legendre polynomial, and is the least squares modification parameter. The KTH method constructs the long-wavelength component of the refined geoid using the linear function of the low-degree part of the gravity field model. The medium-short-wavelength component is determined by the measured gravity anomaly combined with the modified Stokes formula integral. The modification term in the modified Stokes formula consists of a linear combination of Legendre polynomials. Therefore, the key for the KTH method is to determine the coefficient term of the linear combination. The expected global mean square error (MSE) of the approximate geoid undulation ̃ can be written as [36] : (5) where is gravity anomaly degree variances, is geopotential harmonic error degree variances, and 2 is terrestrial data error degree variance. The parameters * and * can be expressed as: (6) The truncation coefficients are calculated as:
where 0 = 1 = 0 and 0 = 1 = 0 are not shown in the formula, while the Molodenskii's truncation coefficients and the coefficients can be calculated using Legendre polynomials [37] .
The parameters influencing the global mean square error include the fixed parameters related to the gravity field model, and the optional parameters and external parameters that need to be adjusted during the calculation. Among them, the gravity anomaly degree variances and geopotential harmonic error degree variances are fixed parameters, the modification limits (M and L) and the integral sphere cap σ are optional parameters, and the terrestrial data error degree variances are external parameters.
Additive Corrections
The KTH method requires four additive corrections to obtain the final precision geoid height after general estimation of the geoid height ̃ is calculated [17] . (8) where is the combined topographic correction, is the combined atmospheric correction, is the downward continuation effect, and δ is the ellipsoidal correction for spherical approximation of the geoid in Stokes' formula.
The combined topographic correction is computed by [38, 39] : (9) where is the Earth's crust density, and is elevation of the topography. The combined atmospheric effect is computed from [39, 40] : (10) where is the atmosphere density at sea level and is the Laplace harmonic of degree for topographic height.
The downward continuation correction (DWC) is computed by [41] :
Where (12) And (13) Also (14) where = + , is the orthometric height of point ; the gravity gradient can be calculated based on [34] : (15) where 0 = 2 sin 2
The ellipsoidal correction can be calculated by a simple formula [42] : (16) where 0 denotes the Molodensky truncation coefficient.
Solution of Least Squares Modification Parameters
The objective function is the global mean square error. To obtain its minimum value, let ∂2 = 0, the parameters and ℎ are obtained, and ℎ is a linear combination of the least-squares modification parameters and [36] :
The above formula is written in matrix form as:
Solving the inverse of can result in the value:
According to the selected stochastic model, the values of the stochastic modification parameter are shown in Table 1 . Table 1 . Determination of stochastic modification parameters .
Parameters
Biased Unbiased Optimum + ( 0 ) ( + ( 0 )) + In the inverse matrix process of three least squares methods to solve , the biased estimator can directly solve, whereas the unbiased and optimal estimator is solved by the regularization method [43] . The least squares parameter could be determined using the Tikhonov, T-SVD, and T-TLS regularization methods in combination with the L-curve method [17, 36] . The difference between the different regularization methods to solve the least squares parameters is shown in Figure 2 . Among them, the Tikhonov modification was conducted by modifying the filtering factor in the original Tikhonov method [17, 44] . 
RCR Method
The remove-compute-restore technique divides the geoid undulation into three terms: (20) where long-wavelength term is the contribution of the Global Geopotential Model (GGM), is the indirect effect of the terrain on geoidal height, and is the residual geoidal height. The model geoid undulation can be obtained from the spherical harmonic coefficient [34] : (21) where is the long radius of the reference ellipsoid, , and are the geocentric latitude, longitude, and radial diameter of the calculated point, respectively; ̅ and ̅ are the fully normalized harmonic coefficients of the anomalous potential, ̅ ( ) is the fully normalized Legendre function.
Indirect terrain impact refers to changes in the geoid due to removal of the terrain effect. This effect can be calculated from elevation data, for example, by [35] : (22) where ℎ and ℎ are the heights of the computation and running points, respectively, is the plane distance between two points.
The residual geoid height represents the high frequency information of the geoid. The calculation formula is [45] ： (23) where ( ) is the original Stokes' function in Eq. (2), and is computed by:
where ∆ and ∆ represent surface measured free-air gravity anomaly and GGM gravity anomalies, respectively, and is the terrain effect on gravity. The calculation formula can be expressed as [34] ： Remote Sens. 2020, 12, 324 6 of 25 (25) where max is the maximum complete order of GGM. In the case of using Helmert condensation to reduce the gravity anomalies [46] , the terrain effect can be calculated as:
Results
Accuracy Comparison Between XGM2016 and EGM2008
This paper evaluated the applicability of EGM2008 and XGM2016 models in the study area using GPS-leveling points distributed in Jilin Province. The results are shown in Table 2 . The standard deviation of XGM2016 was 1 cm higher than that of EGM2008 in Jilin Province, with an error range about 7 cm higher. The mean differences of the EGM2008 and XGM2016 geoid heights were up to 27.2 and 28.9 cm, respectively.
For area A, the standard deviation and error range of EGM2008 were ± 5.8 and 27.1 cm, respectively, and the standard deviation and error range of XGM2016 in Areas A were ± 5.5 and 23.5 cm. XGM2016 was slightly more accurate than EGM2008 in plain Area A, with a lower error range. For area B, the standard deviation and error range of the original EGM2008 model were ± 5.9 and 25.3 cm, respectively. The standard deviation and error range of the original XGM2016 model in Areas B were ± 7.3 and 31.7 cm, respectively. The accuracy of XGM2016 was relatively lower due to its lower resolution. A detailed comparison is presented in the following sections.
The degree of geoid height calculated by the EGM2008 model was set to 719 to maintain the same complete degree/order in the two models. The results show that the maximum, minimum, mean, and standard deviation in the plain area were 1.6, -29.9, -13.6 and ± 6.3 cm, respectively, and 2.4, -31.9, -13.1, and 7.0 cm in the high mountainous areas, respectively. XGM2016 was more accurate in the plain area, whereas the accuracies of the two models were similar in the mountainous areas. The gridded free-air gravity anomalies obtained from the terrestrial gravity data distributed within 0.5 ° of Areas A and B are shown in Figure 3 . The differences between the gravity anomalies calculated by EGM2008 and XGM2016 models are shown in Table 3 . Statistics of the gravity anomalies and the reduced ones were shown in Table 3 to illustrate the applicability of the RCR method in the study area. 
Fixed Parameters
The gravity anomaly degree variances were calculated from the gravity field model coefficients, and the geopotential harmonic error degree variances were calculated from the gravity field model coefficient error, as shown in Figure 4 . The gravity anomaly degree variances of XGM2016 and EGM2008 were consistent in up to degree 715, with an average value difference of 1.88% and an extreme value of no more than 7.86%. The gravity anomaly degree variances of XGM2016 decreased significantly after 715, and EGM2008 also decreased after 2160. The geopotential harmonic error degree variances of XGM2016 were significantly lower than those of EGM2008, and the value dropped significantly after degree 680.
The contribution of the low-degree coefficients of the model and their errors to the global mean square error became more prominent for the modification of the original Stokes kernel function by KTH although the complete degree of the XGM2016 and EGM2008 global gravity field models was different. The higher degree of EGM2008 model indicates a larger infinite truncation, which introduced more coefficient errors into the calculation of global mean square error, making the EGM2008 model less dominant in the KTH method. The higher precision of the longer-wavelength component in XGM2016 reduced the influence of the model coefficients and their errors to the global mean square error, such that a better geoid can be obtained, while other parameters (modification limits, integral radius and terrestrial gravity data error) were unchanged. 
Optional Parameters
The selection of the upper limit of the truncation degree of the gravity field model should fully use the long-wavelength component of the gravity field model and reduce the errors caused by the excessive value of the model degree. The upper limit of the harmonic function was guaranteed to minimize the effect of the modified Stokes formula outside the integral radius [17] . The two upper limits are usually equal by default = in the calculation of the least squares modified Stokes formula [17] , and we applied the same default. Terrestrial gravity data error variance was set to 1 mgal 2 , the infinite truncation degrees of EGM2008 and XGM2016 were 2000 and 719, respectively, and the integral radii were 1°, 2° and 3° respectively. The difference between the and values based on EGM2008 and XGM2016 on the global mean square error is shown in Figure 5 .
For the global mean square error with same integral radius, BLSM and OLSM produced the maximum and minimum values, respectively, and ULSM produced a similar error to OLSM with a numerical difference of less than10 -5 m (EGM2008) or 10 -6 (XGM2016). The difference between the three modification methods was slight when the modification limits were less than 100, but increased substantially when the modification limits increased to 200, and a stable difference was observed when the modification limits increased over 300. The global mean square errors of XGM2016 was 2 cm lower than that of EGM2008 when the modification limits were above 300. With increasing integral radius, the global mean square errors in both gravity models showed a decreasing tendency-from the decimeter to millimeter level when the modification limits increased. This occurred because the increase in integral radius absorbed more terrestrial gravity data into the calculation, and the contribution of short-wavelength component from terrestrial gravity data decreased with increasing long-wavelength component in the gravity field model. In general, the global mean square error of the XGM2016 model was lower than that of EGM2008 in the three least squares modification methods, and the mutual difference between the two models was less than 2 mm when the modification limits were greater than 300. In the subsequent analysis, the modification limits were set at 300.
Signal degree
Signal degree variance/(mgal 2 ) EGM2008 degree variance EGM2008 error degree variance XGM2016 degree variance XGM2016 error degree variance The difference between the modified Stokes kernel function and the original Stokes kernel function in XGM2016 and EGM2008 is shown in Figure 6 . The modified Stokes kernel function of XGM2016 decreased rapidly compared to that of EGM2008 in the three least squares modification methods. XGM2016 increased more rapidly after the two models reached their respective minimum values, which resulted in a better approximation of zero. The integral radius was then set to 0.5°~10°, and the terrestrial gravity data error variance was set to 1, 4 and 9 mgal 2 .The global mean square error of EGM2008 and XGM2016 varied with the integral radius, as shown in Figure 7 . The highest values for the global mean square error were obtained with the BLSM, while the lowest ones were with the OLSM. OLSM and ULSM have similar error values with a numerical difference less than 10 -6 m (EGM2008) or 10 -8 m (XGM2016). The numerical difference of the global mean square error between BLSM and ULSM / OLSM increases as the terrestrial gravity data error variance increases. The global mean square error calculated by OLSM decreased in the range of 1~3 cm compared with the EGM2008 model as the variance of terrestrial gravity error increased. The terrestrial gravity error variance was set to 0 mgal 2 to analyze the proportion of the coefficient error and the integral truncation error in the global mean square error. The global mean square errors of both models were at the millimeter level when the integral radius was increased to 2° (Figure 8.) . The global mean square error calculated by the two models was basically above 1 cm when the terrestrial gravity data error was 1, 4 and 9 mgal 2 and the integral radius was greater than 2° compared with Figure 7 , which showed that the terrestrial gravity error occupied the major part of the global mean square error in the KTH-refined geoid. The terrestrial gravity data error variance and the model coefficient error variance were set to 0 mgal 2 to determine the proportion of the truncation error term in the global mean square error ( Figure  9 ). The global mean square error was in the millimeter level when the integral radius was less than 2°, and close to 0 when the integral radius was greater than 2°, indicating that the influence of the truncation error was extremely limited. The numerical difference was only about 10 -5 when the integral radius was the same. 
External Parameters
The terrestrial gravity data were not error-free, and the KTH method requires determination of the terrestrial gravity data error variance. Prior to this section, we set the error as a constant. To highlight the contribution of different external parameters to the global mean square error, the cumulative sum of terrestrial gravity data errors in the global mean square error with the increase of infinite truncation (( = ∞ in Equation (5)) is shown in Figure 10 . The terrestrial gravity data error variance was set to 0, 1, 4, and 9 mgal 2 . For the terrestrial gravity data error, the impact on BLSM and OLSM was maximum and minimum, respectively, and ULSM showed a similar error to OLSM with a numerical difference less than 10 -6 m (EGM2008) or 10 -7 m (XGM2016). The global mean square error of the two models increased and gradually flattened as the infinite truncation increased. The global mean square error accumulation of XGM2016 in the three modification methods was less than that of EGM2008 when the infinity truncation was unchanged, which indicated that XGM2016 in the KTH method-refined geoid was less sensitive to terrestrial gravity data than EGM2008. The above comparison of the EGM2008 and XGM2016 models is based on the influence of various parameters in the KTH method on the global mean square error (Equation (5)). The modification parameters, including the coefficients and errors of the global gravity field model ( and ), the modification limits ( = ), the integration radius ( ), and the terrestrial gravity data error variance ( σ 2 ) can significantly affect the magnitude of the global mean square error. Decomposing Equation 5 into three parts, the terrestrial gravity data error variance and model coefficient error produce a significant part of the global mean square error, and the truncated error term is basically zero after the integration radius is greater than 2° The analysis results of the XGM2016 model are significantly more accurate than EGM2008 for each solution.
Comparison of Accuracy of Refinement Geoid
Plain Area
We analyzed the refined geoid in the plain area in Jilin Province (Area A) using RCR and KTH method based on EGM2008 and XGM2016. After repeated and careful trials, as well as consideration of the distribution of terrestrial gravity data, the calculated integral radius of the RCR residual geoid was limited to 0.5° and the indirect influence was set at 2°. To facilitate the distinction between This paper used the Helmert condensation method with an RCR procedure for computation of the RCR08-A and RCR16-A models, and all constituents of the refined geoid in the plain area based on the RCR method of EGM2008 and XGM2016 are shown in Figure 11 . The three constituents of the refined model, including the contribution of the GGMs, the indirect effect on geoid height, and the residual geoid height, are given in Equations (21), (22) and (23) , respectively. The refined models and the model's contribution displayed some similarities due to the smooth topography of Area A. The residual geoids of the two models show a decimeter difference, in accordance with Table 3 . Since the indirect effect on geoid height is only related to height (Equation (22)), the calculation amount in Area A is the same (Figure 11c ). The results of the accuracy comparison are shown in Table 4 . We used the least squares adjustment combined with the four-parameter model and seven-parameter fit [47] to model the residuals, systematic errors, and datum inconsistencies between the gravimetric geoid heights and the GPS-leveling ones.
(27)
The four-parameter model is given as: (28) and the seven-parameter model is: ± (29) where and are the geodetic latitude and longitude of the GPS-leveling point, respectively.
where is the first eccentricity of the reference ellipsoid. The matrix system of observation is: (31) then the estimated parameters are:
The results of fitting using the parametric model are shown in Table 4 , and the fitting methods were applied to correct the systematic errors in the following sections. The standard deviation and error range of the refined RCR08-A model decreased to ± 3.1 and 13.9 cm, respectively, whereas the standard deviation and error range of the refined RCR16-A model decreased to ± 3.2 and 14.7 cm, respectively. The mean differences of RCR08-A and RCR16-A were 22.1 and 20.9 cm, respectively. After four-parameter fitting, the standard deviations of both models decreased by ± 0.2 cm. The seven-parameter fitting produced more accurate results, of which the accuracy of RCR08-A was optimal in Area A, and the standard deviation reached ± 2.5 cm. Table 4 . Comparison of EGM2008 and XGM2016 RCR-geoid heights with GPS/leveling derived ones in Area A (cm). Some of the values of modification parameters needed to be determined prior to calculation of the approximate geoid undulation using the KTH method. After tests to determine the unified modification parameters, the integral radius was set to 0.5°, the terrestrial gravity data error variance was set to 1 mgal 2 , and the modification limits were set as = = 450. To facilitate the distinction between subsequent results, the results of EGM2008 and XGM2016 are called KTH08-A and KTH16-A, respectively.
Area A Before Fit Four-Parameter Fit Seven-Parameter Fit Model RCR08-A RCR16-A RCR08-A RCR16-A RCR08-A RCR16-A
The refined geoids and all their corrections in the plain area based on the KTH method of EGM2008 and XGM2016 are shown in Figure 12 . The combined atmospheric correction, including the sum of the direct and indirect atmospherical effects and the ellipsoidal correction given by Equations (10) and (16) , respectively, had only a sub-millimeter-level correction in Area A. The combined topographic correction, including the sum of the direct and indirect topographical effects and the downward continuation effect, accounted for the major part of the correction. The approximate geoid undulation was highly similar to the refined model, whereas the latter narrows the range of high values of the geoid to smooth the results. Since the combined topographic correction is only related to the height (Equation (9)), the calculation amount in Area A is the same (Figure 12c ). The results of the accuracy comparison are shown in Table 5 . The standard deviation and the error range of the refined KTH08-A model decreased to ± 3.6 and 14.0 cm, respectively, and to ± 2.8 and 13.3 cm for the refined KTH16-A model, respectively. After four-parameter fitting, the standard deviations of both models decreased by about ± 0.3 cm. We observed that the seven-parameter fitting also produced more accurate results and significantly reduced the standard deviation of the KTH08-A model to 2.0 cm. Compared with Table 4 , we found that for Area A, XGM2016 is slightly more accurate than RCR overall based on the KTH method, whether before or after fitting. EGM2008 based on KTH was more accurate than the RCR method only after seven-parameter fitting. However, the differences between the solutions were only at the millimeter level under the same conditions. Table 5 . Comparison of EGM2008 and XGM2016 KTH-geoid heights with GPS/leveling derived ones in Area A (cm). 
Area A Before Fit Four-Parameter Fit Seven-Parameter Fit Model KTH08-A KTH16-A KTH08-A KTH16-A KTH08-A KTH16-A
Mountainous Area
The refined geoid in the mountainous area provided a more obvious comparison of the results with more complicated terrain and the sparse distribution of terrestrial gravity data. For determination of the aforementioned modification parameters, the terrestrial gravity data error variance for Area B was modified to be 9 mgal 2 and other parameters were set equal to the values used for the plain area.
All constituents of the refined geoid in the mountainous area based on the RCR method of EGM2008 and XGM2016 are shown in Figure 13 . Compared with Area A, the result of the refined geoid in Area B changed more drastically than the contribution of GGMs, and the indirect effect on geoid height also increased by an order of magnitude to the centimeter or even decimeter level. Judging from the difference in the reduction of gravity anomalies (Table 3) , the residual geoids of the two models are noticeably different compared with the plain area. The accuracy comparisons of the two methods are shown in Table 6 and 7, respectively. Compared with Table 2 , the standard deviation and error range of the refined RCR08-B model decreased to ± 4.4 and 13.6 cm, respectively, and to ± 4.6 and 15.9 cm for the refined RCR16-B model, ± respectively. The mean differences for RCR08-B and RCR16-B were 21.1 and 21.9 cm, respectively. Similar to the previous section, the seven-parameter fitting demonstrated more accurate modeling. The STD decreased by more than ± 1 cm both in RCR08-B and RCR16-B, while the range has been reduced by 2.2 and 3.3 cm, respectively. The refined geoids and all their corrections in the mountainous area based on the KTH method of EGM2008 and XGM2016 are shown in Figure 14 . Similar to the situation in Area A, the magnitudes of the combined atmospheric correction and ellipsoid correction in the Area B are also very small. The combined topographic correction and the downward continuation effect accounted for majority of the correction. Compared with the approximate geoid undulation, the refined model not only highlighted the details of the local area, but also reduced the range of the regional geoid level. The standard deviation and error range of the refined KTH08-B model decreased to ± 4.0 and 14.8 cm, respectively, and to ± 4.1 and 13.4 cm for the refined KTH16-B model, respectively. Similarly, EGM2008 model based on the KTH method was the most accurate after seven-parameter fitting, and the standard deviation was reduced to 2.4 cm. Compared with Table 6 , the overall results produced using the KTH method were slightly better than the RCR method. However, the differences between the solutions were still only at the millimeter level under the same conditions. KTH08-B KTH16-B KTH08-B KTH16-B KTH08-B KTH16 
Area B Before Fit Four-Parameter Fit Seven-Parameter Fit Model
±
In this study, we evaluated the performance differences between EGM2008 and XGM2016 based on the effects of the modification parameters on the global mean square error in the KTH method. The value of the modification limits was determined by the influence of the modification limits on the global mean square error between EGM2008 and XGM2016. We analyzed the model coefficients and sensitivity to the terrestrial gravity data error. To identify the influence of the integral radius on the global square error, we produced a curve with higher resolution on the basis of a previous study [25] that delineates the global square error with more detailed fluctuation. The coefficient error of the XGM2016 model was lower than that of the EGM2008 model on the same degree, although we found little difference in the model coefficients between the two gravity field models. The terrestrial gravity data error was the main parameter affecting the accuracy of the KTH method. The influence of each parameter on the global mean square error showed that the precision of XGM2016 was significantly higher than that of EGM2008.
The RCR method refined the geoid by using 2D-FFT to increase calculation speed, and the indirect terrain impact was usually proportional to the terrain height with centimeter level in the plain area and decimeter level or even meter level in the mountain area, which significantly reduces the extreme value of the error and cannot be ignored in the refinement process. The modified Stokes kernel was not applied in the RCR method, making it insensitive to terrestrial gravity data error and coefficient errors. This insensitivity deteriorated in the mountainous areas with sparse terrestrial gravity data and higher undulation of indirect impact, and the refined geoid showed a lower accuracy than that of the KTH method.
The key of the KTH method is to determine the least square parameter , which is related to the calculation of the approximate geoid undulation ̃. ̃ and are related to the calculation of the three corrections within the addictive corrections, except the combined topographic correction . The majority of the correction was due to the downward continuation effect and the combined topographic correction
. The values of the ellipsoidal correction δ and the combined atmospheric correction were usually at the millimeter level in the study area. The refined geoid was smoothened after application of the additive corrections because these corrections decreased the distribution range of the regional geoid value in the study area, whereas the accuracy of the refined geoid decreased about 1 cm after the additional corrections, which indicates that the approximate geoid undulation ̃ is already highly accurate in the study area.
The solutions of the KTH method based on EGM2008 and XGM2016 models were slightly more accurate than those of the RCR method in the mountainous areas regardless of fitting being applied, which showed that the KTH method may be more suitable for mountainous areas where the terrestrial gravity data are sparse and unevenly distributed. The millimeter difference between the computed solutions was lower than the accuracy of the GPS-leveling in the study area, and we think that the KTH and RCR methods are equally applicable in this experimental area.
This study applied the four-parameter and seven-parameter models to reduce the systematic error between gravimetric geoid and GPS-leveling derived geoid heights. The seven-parameter model was the most accurate of the two, and standard deviation decreased by about 1 cm in high mountainous areas (Tables 4-7) .
The gravity field model used by the KTH method did not necessarily produce more accurate refinement results of increasing degree because the modification of the Stokes formula by the KTH method mainly used the long-wavelength component of the gravity field model, and the model with a low-degree coefficient error seemed more suitable. The short-wavelength component of the KTH method was mainly provided by the terrestrial gravity data, which may highly affect the resolution and accuracy of the refined geoid. The improvement in density and accuracy of the terrestrial gravity data may be an effective way to improve the KTH geoid refinement. 
